ABSTRACT We have studied the dependence of the phase and domain characteristics of sphingomyelin (SM)/cholesterol model membranes on sterol content and temperature using deuterium nuclear magnetic resonance. NMR spectra of N-palmitoyl(D31)-D-erythro-sphingosylphosphorylcholine (PSM-d31) were taken for temperatures from 25 to 70 C and cholesterol concentrations of 0-40%. Analogous experiments were performed using 1-palmitoyl,2-palmitoyl(D31)-sn-glycero-3-phosphocholine (DPPC-d31)/cholesterol membranes to carefully compare the data obtained using palmitoyl chains that have similar ''kinked'' conformations. The constructed phase diagrams exhibit both solid-ordered (so) þ liquid-ordered (lo) and liquid-disordered (ld) þ lo phase-coexistence regions with a clear three-phase line. Macroscopic (micron-sized) coexistence of ld and lo phases was not observed; instead, line-broadening in the ldþlo region was characterized by intermediate exchange of lipids between the two types of domains. The length scales associated with the domains were estimated to be 75-150 nm for PSMd31/cholesterol and DPPC-d31/cholesterol model membranes.
INTRODUCTION
Lipid-lipid interactions are important determinants of membrane organization in living systems and have been thoroughly researched for a variety of membranes (1-6). The lipid composition of the outer leaflet of a typical mammalian plasma membrane is mainly sphingomyelin (SM), cholesterol, and unsaturated phosphatidylcholine (PC) (7, 8) . The preferential association of SM and cholesterol has been observed in a wide variety of membrane environments. For example, detergent-resistant membranes are rich in SM/cholesterol (9), and SM and cholesterol are associated in distinct ordered phases in three-component giant unilamellar vesicles (GUVs) (10,11). In addition, such an association has been found in small domains directly observed in membranes of living cells (12) (13) (14) (15) (16) (17) .
Despite the intense research into the nature of lipidcholesterol interactions, there remain several outstanding questions concerning the role of cholesterol and other sterols in forming the tightly-packed liquid-ordered (lo) phase. For example, liquid-disordered (ld) and lo phases were found to coexist in dipalmitoyl PC (DPPC)/sterol model membranes (18) (19) (20) , but the two phases were not observed to coarsen, remaining sub-microscopic in size. Since their small size renders these dynamic domains invisible by most imaging techniques, and since an explanation for the lack of coarsening remains elusive, it has been postulated that there is no ld/lo phase coexistence in DPPC/cholesterol model membranes. An alternative explanation for such membrane heterogeneity invokes lipidcomposition fluctuations due to proximity to a critical point (21). Theoretical descriptions of phospholipid-sterol interactions are numerous (22) (23) (24) (25) (26) , and the area continues to be very active as simulation strategies improve and accurate experimental input parameters become available (27). The original PC/sterol ''complex'' model (28) has been modified to predict phase coexistence in DPPC/ cholesterol model membranes above the main transition temperature (29).
Many investigations into membrane phase behavior have attempted to reproduce the important aspects of outer-leaflet organization by combining a ''low-melting'' lipid, often dioleoyl PC (DOPC), and a high-melting lipid, often DPPC, with cholesterol. Such membranes are not ''natural,'' as neither DOPC nor DPPC is found in most biological membranes, but their study has provided considerable insight into fundamental lipid physical chemistry, and particularly into the loþld phase coexistence region of the ternary phase diagram. Furthermore, DPPC has been postulated to be a reasonable analog for SM in such studies, since palmitoylsphingomyelin (PSM) and DPPC have similar chainmelting transition temperatures and chain lengths and identical phosphocholine headgroups. Sphingomyelin-containing lipid membranes have also been studied in some detail (see reviews (30, 31) ). The combination of POPC, PSM, and cholesterol is particularly attractive, since all three lipids are found in nature and together make an excellent model for the mammalian plasma membrane outer leaflet. Large-scale loþld phase coexistence was observed for some regions of the phase diagram (10,11) of this system, and an lo phase was found at sufficiently high cholesterol concentrations (2, 32, 33) .
Despite this ongoing progress with the three-component system, there is still much to learn about the phase behavior and physical properties of binary sphingolipid/sterol membranes. Several groups have published results indicating that ldþlo phase coexistence occurs in SM/cholesterol (11, 30, 32, 34, 35) , providing insight into, and partial determinations of, the binary phase diagram. A comparison of the investigations of these groups into the properties of SM/cholesterol model membranes is, however, complicated by the fact that SM from different sources differs in the chemical mixture of its constituent chains. To directly assess the nature of the interaction between sphingomyelin and cholesterol, we have performed a detailed phase-diagram determination of this system using deuterium nuclear magnetic resonance ( 2 H NMR) and pure palmitoyl chain perdeuterated PSM (PSM-d31). Since the N-linked palmitoyl chain of PSM is structurally analogous to the sn-2 chain of DPPC, we chose to re-determine the DPPC/cholesterol phase diagram (18) using sn-2-chain-perdeuterated DPPC (DPPCd31). In this way, we can directly compare and contrast the effect of cholesterol on the phase behavior and chain order of these two lipids.
MATERIALS AND METHODS

Sample preparation
DPPC-d31 (sn-2 chain perdeuterated) and PSM-d31 were obtained from Avanti Polar Lipids (Alabaster, AL). Cholesterol and deuterium-depleted water were obtained from Sigma-Aldrich Canada (Oakville, Ontario, Canada). Lipid/cholesterol multilamellar dispersions (MLDs) were prepared by adding cholesterol concentrations of 0, 2. 6, 5, 8, 10.1, 12, 16, 18, 20.5, 25, 29.9, 40 , and 45 mol % to DPPC-d31 and concentrations of 0, 2.5, 5. 4, 8.5, 11, 14.5, 17.5, 20, 22.5, 25, 28, 31.5, 35 , and 40 mol % to PSM-d31. Each DPPC-d31/cholesterol sample was made separately using $50 mg lipid. Lipid and cholesterol were mixed and dissolved in Bz/MeOH 4:1 (v/v) and then freeze-dried. PSM-d31/cholesterol samples were made by gradually adding cholesterol to PSM-d31, starting from 50 mg sphingomyelin. Each PSM-d31/cholesterol sample was lyophilized after being recovered from the NMR tube and it was then dissolved in Bz/MeOH 4:1 (v/v) and freeze-dried again to remove residual water. In the next step, an appropriate amount of cholesterol was added (from the Bz/MeOH stock solution) to the sample and then freeze-dried. All samples were hydrated using deuterium-depleted water to form MLDs. Hydration was performed by freeze-thaw-vortex cycling five times between liquid nitrogen temperature and 60 C. 1 H solution NMR (at 300 K) in MeOH-d 4 was used to test cholesterol concentration by integrating non-composite peaks arising from the two components. Specifically, these were the methyl peak at 0.74 ppm and the H-6 peak at 5.36 ppm for cholesterol; the glycerol-c2 peak at 5.26 ppm and the g-(CH 3 ) 3 peak at 3.24 ppm for DPPC; and the sphingosine C2 proton resonance at 5.47 ppm and the g-(CH 3 ) 3 peak at 3.24 ppm for sphingomyelin. All chemical shifts were measured with respect to the MeOH-d 4 methyl peak at 3.32 ppm (with assignments of cholesterol and DPPC peaks taken from Muhr et al. (36) and Peng et al. (37), respectively). After completion of the NMR experiments, several samples were checked for degradation by thin-layer chromatography (TLC), eluting with CHCl 3 /MeOH/H 2 O 65:25:4 v/v. These include every other sample in the case of PSM-d31/cholesterol, and every third sample in the case of DPPC-d31/cholesterol. The 2 H NMR experiments took 3-4 days per DPPC-d31/cholesterol sample and 4-10 days for PSM-d31/cholesterol samples, but no degradation of any of the samples could be detected by TLC. Also, no sign of degradation was evident in the 1 H NMR spectra.
H NMR spectroscopy
2 H NMR experiments were performed on a locally built spectrometer at 46.8 MHz using the quadrupolar echo technique (38). The typical spectrum resulted from 10,000 to 40,000 repetitions of the two-pulse sequence with 90 pulse lengths of 3.95 ms, interpulse spacing of 40 ms, and dwell time of 2 ms. The delay between acquisitions was 300 ms, and data were collected in quadrature with Cyclops eight-cycle phase cycling. The fluidphase spectra were dePaked using an iterative method (39). However, some dePaked spectra exhibited unphysical negative amplitudes, indicating that liposomes are partially oriented in the magnetic field. In these cases, the regularization dePakeing algorithm was used (40). Smoothed order parameter profiles were extracted from the dePaked spectra using an established procedure (41). The spin-spin relaxation time, T 2e , was measured by varying the interpulse spacing from 40 to 100 ms and taking the initial slope of the echo peak signal versus echo time. Values of T 2e were used to correct the soþlo region of the phase diagram (see Supporting Material). The samples were heated from 25 to 70 C. At each temperature, the sample was allowed to equilibrate for 20 min before a measurement was taken.
The first moment, or average spectral width, M 1 , was calculated using
where u is the frequency shift from the Larmor frequency, x was chosen so that the frequency range Àx to x contains the entire spectrum, f ðuÞ is the spectral intensity, and A ¼ P x u¼Àx f ðuÞ. The order parameter S CD ¼ h3 cos 2 q À 1i=2 was calculated from
where q is the angle between the carbon-deuteron vector and the bilayer normal, Dv Q is the quadrupolar splitting of the deuterons on the local carbon, measured from the powder pattern, and 167 kHz is the static quadrupolar coupling constant. Within the soþlo phase-coexistence region, a 2 H NMR spectrum consists of different amounts of endpoint spectra characteristic of the two phases in equilibrium, and the phase boundaries (x s and x f ) are determined by the spectral subtraction method (see (18) and Supporting Material for more details).
